Abstract.-The formation of nerve-muscle junctions in monolayer cultures of embryonic muscle and spinal cord cells is described. M\1uscle-forming cells (myoblasts) from leg muscles of 12-day chick embryos were separated with trypsin and cultured on a collagen substrate for two days. Suspensions of ventral spinal cord cells from six-day chick embryos were then plated over the differentiating muscle cells. The cultures were subsequently examined by electron microscopy and in silver-stained light microscopic preparations. After 10-12 days in culture, irregular thickenings were observed along the nerve cell processes in contact with the muscle fibers which by that time had undergone advanced differentiation (myogenesis). By electron microscopy it was demonstrated that many of the nerve-muscle contacts had the characteristics of a synapse. Some aspects of the fine structure of these junctions are described. The possibilities raised by these findings with respect to innervation mechanisms and specificities in nerve-muscle interactions are briefly discussed. Dissociated embryonic chick myoblasts, when cultured in monolayer under appropriate conditions, undergo a morphological development which conforms in its essential aspects to normal muscle differentiation at both the histological and fine structural levels.1-4 Although the development of muscle in vitro has been studied in some detail, the developmental interactions of muscle with other tissues, particularly neural tissue, have not been examined in cell cultures. Electrophysiological observations have suggested that neuromuscular junctions can form in vitro in long-term organ cultures of mouse5 and rat6 spinal cord explanted with attached myotomes and in explants of presumptive neuromuscular tissues of the early frog embryo.7 This work has been reviewed by Crain.8 Mlore recently, neuromuscular connections were demonstrated in coupled explants of fetal rodent spinal cord and muscle fragments.9 In histological preparations of such long-term organ cultures,10'11 cord neurites were seen penetrating adjacent muscle tissue; however, definitive synaptic junctions between nerve and muscle were not demonstrated. Electron-microscopic evidence indicating the formation of neuromuscular junctions in coupled explants of chick embryonic spinal cord and muscle has recently been published.12
Dissociated embryonic chick myoblasts, when cultured in monolayer under appropriate conditions, undergo a morphological development which conforms in its essential aspects to normal muscle differentiation at both the histological and fine structural levels.1-4 Although the development of muscle in vitro has been studied in some detail, the developmental interactions of muscle with other tissues, particularly neural tissue, have not been examined in cell cultures. Electrophysiological observations have suggested that neuromuscular junctions can form in vitro in long-term organ cultures of mouse5 and rat6 spinal cord explanted with attached myotomes and in explants of presumptive neuromuscular tissues of the early frog embryo. 7 This work has been reviewed by Crain.8 Mlore recently, neuromuscular connections were demonstrated in coupled explants of fetal rodent spinal cord and muscle fragments.9 In histological preparations of such long-term organ cultures,10'11 cord neurites were seen penetrating adjacent muscle tissue; however, definitive (Figs. 1, 2, and 3) . Along the length of these unmyeli- .. nated neurofibers, irregular thickenings were observed at points of contact with the myotubes. In later cultures (10-14 days), the nerve fibers were often seen to branch near their terminal ends. These nerve cell processes, hereafter referred to as axons, ended in bulbous thickenings or in small reticulated plates, which were in contact with the striated myofibers (Figs. 1, 2, and 3) . The nuclei seen in these areas were in the underlying muscle cell; besides the fibroblasts, no cells that could be identified as glial or Schwann cells were observed at the axonal terminals.
Electron micrographs of the contact region between nerve and muscle fibers are presented in Figures 4 and 5 . The nerve terminals tended to be ellipsoidal; they contained small mitochondria, neurotubules, and numerous vesicles about 350-500 A in diameter. These vesicles (Fig. 4) were generally round and membrane-bounded and had an electron translucent core. Occasionally, a second type of vesicle measuring 900-1000 A in diameter and with an electron-dense core was encountered in a nerve terminal (arrow, Fig. 4 ). Their identity is not clear; they could be catecholamine-containing granules, but the possibility that they were encapsulated viruses is not excluded since vesicles of similar appearance were observed also in other cells in these cultures. At the contact region, both the nerve and the muscle cell plasma membranes appeared thickened (Figs. 4  and 5) . No basement lamella, such as is present in mature vertebrate motor endings in situ, was observed between the apposed membranes; furthermore, the endings formed in vitro lacked junctional folds in the postsynaptic membrane. '9, 20 The cell bodies of the neurons were almost always situated in the upper stratum of the culture, separated from the layer of myofibers by a thin layer of fibroblasts and collagen. In only a few cases (Fig. 4) was the perikaryon of a neuron in direct contact with both a nerve and muscle fiber.
The muscle fibers showed various stages of myofibrillogenesis, as reported earlier,4 including numerous free myofilaments and myofibrils at different stages of assembly (Fig. 4 and 5 ). The myotubes frequently contained an elaborate, three-dimensional network of T-system tubules (Fig. 5) , as described by Ishikawa ;21 these tubules were sometimes in close proximity to the neuromuscular contacts. These characteristic structures, in addition to the free thick and thin myofilaments and the myofibrils, aided in identifying the developing muscle cells. Helical aggregates of ribosomes22 were also prominent cytoplasmic constituents of the myotubes (Fig. 5) .
Discussion.-The micrographs of silver-stained preparations showed that in "monolayer" cultures of combined muscle and spinal cord cells, neuronal axons formed terminal arborizations which contact the muscle fibers by button-shaped endings. Clearly, these nerve-muscle associations can form even though the cells are not organized as a typical tissue. Although they are not described in this report, we also examined monolayer cultures which contained only dissociated ventral spinal cord cells. '8 In these cultures we found no bulblike endings or terminal arborizations of the kind present in composite cultures of nerve with muscle cells; this supports the conclusion that these structures represent specific nerve-muscle contact differentiations.
The nuclei seen in the area of the nerve endings are apparently situated within the myofibers and may represent the "fundamental nuclei"24 or "sole plate nuclei"'9 of the classical literature. The so-called arborization nuclei, which belong to cells referred to collectively as the teloglia or terminal Schwann cells associated with the motor nerve endings, were not found. Previous histological observations23' 24 suggested that motor nerve endings differ in structure, according to the type of muscle fibers which they innervate; in the present study, we made no attempt to correlate the type of nerve endings found in our cultures with the size of nerve fibers, the number of endings on each muscle fiber, or the relative development of the sarcoplasmic reticulum in various muscle cells. 25 However, the culture system described here clearly lends itself to detailed studies along these lines.
The neuromuscular junctions observed in our present study showed a close similarity with the "en grappe" type endings characteristic of tonic muscle fibers ("Feldenstruktur").23-25 Multiple nerve contacts with a single muscle fiber were frequently observed in these cultures. Plasma membranes were thickened in the junctional region of the nerve-muscle contacts and synaptic vesicles, and small mitochondria were contained within the nerve endings. No primary or secondary postsynaptic clefts or folds were observed along the muscle surface in the contact zone. Although these neuromuscular contacts are similar to "en grappe" endings, they are also strongly reminiscent of newly formed junctions in embryonic chick muscle in situ. 26 Thus, it is conceivable that postsynaptic folds would have formed in these monolayer cultures if they had been maintained longer than two weeks. It may be pointed out that previous electrophysiological demonstrations of neuromuscular transmission in organ cultures" 8, 9 were all done on long-term cultures, often maintained for weeks or months in vitro.
The finding that nerve-muscle junctions can form in cell cultures is of added interest because this experimental system lends itself to a wide range of detailed analytical studies. The optimal conditions for the formation at a maximum frequency of these junctions in cell cultures remain to be fully worked out. However, it is apparent that this culture system makes it possible to study various combinations of nerve and muscle cells and thus to examine, more directly than before, the mechanisms of innervation and particularly the problems of specificity in nerve-muscle association and other aspects of cell contact and "recognition" during neuromuscular development. Recent advances in clonal propagation of myoblasts27 further add to the feasibility of such studies.
